We demonstrate a two-stage wavelength converter that uses compact near-infrared sources to amplify and convert short-wave infrared signals. The first stage consists of a photonic crystal fiber wavelength converter pumped by a Q-switched 1064 nm pump source, while the second stage consists of a silicon photonic wire waveguide wavelength converter. The system enables on-chip amplification and conversion of up to 30 dB . We demonstrate amplification in a broad wavelength range around 2344 nm using temporally long pulses (>300ps).
Introduction
The CMOS compatible silicon-on-insulator (SOI) platform has over the last years developed as the waveguide platform of choice for optical interconnect applications [1] . More recently new applications, in particular sensing applications such as bio-molecule detection [2] and gas sensing [3] , have fueled the SOI platform development further. For such applications, it can be beneficial to step away from the telecom wavelength range and move towards the short-wave infrared and mid-infrared wavelength region. In these wavelength regions, many molecules have strong and well-defined absorption lines [4] . Silicon photonic chips operating in this wavelength range could unlock this enormous potential for sensing and lead to a whole new class of very sensitive and selective sensors [5] . Besides for optical sensing applications, the short-wave infrared (>2.0um) wavelength range is also being considered for future telecommunication systems [6] . Although it is possible to heterogeneously integrate III-V epitaxial layers [7, 8] on silicon to provide gain to the passive silicon circuit, it is hard to integrate a widely tunable short-wave infrared or mid-infrared source on a silicon chip due to the limited gain bandwidth of III-V semiconductor structures. We have shown before that the combination of the high nonlinear refractive index of silicon, the strong confinement in silicon photonic wires and the absence of two photon absorption in silicon beyond ~2200 nm enables efficient nonlinear processes when the silicon waveguides are pumped at short-wave infrared wavelengths. Indeed, supercontinuum generation [9, 10] , parametric amplification [11] and wavelength translation [12] of signals have been demonstrated. However, the main limitation of implementing these functionalities in a real system at the moment is that very complex pump sources are often needed. Most experiments use short picosecond pump pulses coming from an expensive and bulky optical parametric oscillator. Although there have been experiments demonstrating four wave mixing in silicon waveguides with longer (ns) pulses [13] and continuous wave sources [14] the conversion efficiency has been relatively low, of the order of −20 dB in the short-wave infrared, and requires quite complex setups. Furthermore in these previous results pump sources around 1950-2025 nm are used. In this wavelength region there is still significant two-photon absorption such that gain cannot be obtained for long pump pulses because of the free carrier absorption [15] .
In this paper we demonstrate a simple two-stage short-wave infrared wavelength converter/amplifier only involving a 1064nm microchip laser and a continuous wave 688nm laser diode. The first stage consists of a photonic crystal fiber (PCF), generating a pump pulse at 2345nm used in the second conversion stage, realized using a silicon photonic waveguide. The two-stage amplifier is able to convert long pulses (>300 ps pulses) with a very high efficiency (up to 30dB maximum gain) over a broad wavelength band ranging from 2275 nm up to 2325 nm. This result becomes only possible by generating a pump well beyond the two-photon absorption band gap of silicon (2200 nm) such that two-photon absorption and free carrier absorption are suppressed.
To the best of our knowledge, this represents the first amplification of quasi-CW pulses in a silicon chip with net off-chip gain. We believe our results can impact both signal processing and infrared spectroscopy applications. Such a two-stage converter/amplifier could allow for all-optical signal processing of data-packets for future telecommunication systems operating in the 2 μm wavelength range. Moreover, through further dispersion engineering of the silicon waveguide [16] , this technique could be used to amplify telecom band signals in a silicon waveguide in the long pulse (or CW) regime. Furthermore, in contrast to highly nonlinear silica fibers where conversion of light to a band around 2000 nm was shown [17, 18] , silicon waveguides could allow to generate light deeper into the mid-infrared given the transparency of the silicon-on-insulator platform up to about 4.0 μm [19] . In that case, further dispersion engineering [20] and an additional cheap near infrared diode laser as a seed for the second conversion stage would allow to generate mid-infrared light in the fingerprint wavelength region (>3um). 
Two-stage wavelength converter/amplifier
The schematic of the two-stage wavelength converter/amplifier setup is shown in Fig. 1 . In the first stage, the frequency conversion is realized using a PCF, while in the second stage a silicon photonic waveguide is used. In both waveguides the degenerate four-wave mixing process is used to convert two pump photons in one idler and one signal photon. stage. This wavelength has been chosen because it is well beyond the half band gap of silicon, while at the same time, having acceptable propagation loss in the PCF. The dispersion of the PCF has been adjusted by controlling the relative air hole diameter sizes in order to achieve a perfect phase matching around 2345 nm by pumping at 1064 nm. The cross-section of the fiber is shown in the inset of Fig. 2 . The pitch and diameter of the air holes are respectively 5.6 µm and 2.08 µm leading to a zero dispersion wavelength of 1174 nm. By pumping at 1064 nm, the standard phase matching relation using dispersion terms up to the sixth order [20] predicts a perfect phase matching at 688 nm and 2344 nm. The PCF length has been optimized to 3 m in order to obtain the maximum power on the idler wave. The linear attenuation has been obtained through a cutback measurement on a longer sample of 10 m of fiber and is shown in Fig. 2 . The loss is less than 2 dB/m between 2000 nm and 2400 nm, where the idler wave is generated. This value is low enough to not affect the FWM process significantly. The pulse duration of the Q-switched laser located at 1064 nm is 600 ps and the repetition rate is 6.5 kHz. The coupled peak power of the pump pulses inside the PCF has been estimated to be 4.3 kW. A continuous-wave laser seed of ~100 μW at 688 nm (the signal wavelength) is combined with the pump pulses and coupled into the PCF to seed the four-wave mixing process in order to ensure that the generated short-wave infrared idler pulses have a clean temporal profile. The output of the PCF is collimated and coupled into a SMF-28 fiber as shown in Fig. 1 . In the free space path, a filter blocks the remaining 1064 nm pump light as well as the 688 nm seed, and the polarization of the beam is adjusted to excite the TE mode of the silicon photonic waveguide.
The spectrum of the generated pulse recorded with a 1 nm resolution short-wave infrared optical spectrum analyzer is shown in the left panel of Fig. 3 . It is centered at 2344 nm in excellent agreement with the prediction provided by the phase matching relation. Its duration is estimated by measuring the pulse duration of the signal pulse generated at 688 nm with a 12 GHz photodiode. Due to the symmetric nature of the degenerate four-wave mixing process this is equivalent to measuring the pulse width of the idler pulse [21] . The oscilloscope trace of the signal is shown in the right panel of Fig. 3 . The full width at half maximum of the pulse is measured to be 326 ps. This is shorter than the pump pulse, because the conversion efficiency is exponentially dependent on the instantaneous power of the pump pulse [21] . The shape of the idler pulse gets transformed by this nonlinear operation.
The second stage of the amplifier consists out of a dispersion engineered silicon-oninsulator waveguide. The photonic wire is fabricated in a CMOS pilot line [22, 23] on a 200 mm silicon-on-insulator (SOI) wafer, consisting of a 220 nm silicon waveguide layer on top of a 2 µm buried oxide layer. The 7 cm-long air-clad photonic wire has a rectangular crosssection of 890 nm x 220 nm. In a post-processing step the waveguides where slightly underetched by partially removing the silicondioxide in a 1% HF solution. The partial underetching of the waveguides allows further engineering of the dispersion of the waveguides [24] . In the inset of Fig. 4 , a bird's eye view of the waveguide is presented. Due to the partial HF underetch, the waveguide can be seen standing on a 140 nm tall pillar. The dispersion of the waveguide used here was simulated to be −1.17 ps 2 /m at 2345nm (TE polarization). A 1 dB/cm waveguide loss was measured in a cut-back measurement on 1, 2, 4 and 7 cm long waveguides. The waveguide was terminated with a grating coupler [25] at one side and cleaved at the other side. The grating coupler efficiency was found to be −8.5 dB at the pump wavelength. Fig. 3. a) The optical spectrum of the short-wave infrared pulse generated in the PCF. b) The time-domain trace of the generated visible pulse at 688 nm in the PCF, which is a good indicator for the time-domain trace of the generated short-wave infrared pulse.
In order to assess the performance of the two-stage converter/amplifier, the short-wave infrared pulses generated in the first stage converter stage are combined with a probe laser in a 99/1 fiber coupler. For this assessment a continuous wave OPO was used. The insertion loss of the coupler is 3 dB in the 2300 nm to 2400 nm wavelength range. The coupled average power of the short-wave infrared pulse train in the SMF-28 fiber is measured to be 100 µW. The calculated peak power, assuming a pulse duration of 300 ps, is therefore 40 W before the 99/1 splitter. The pulse peak power inside the silicon waveguide is 2.8 W. The continuous wave on-chip power of the seed laser was well below 100 µW. The output spectrum after the waveguide for different short-wave infrared seed wavelengths is shown in Fig. 4(a) . The conversion efficiency can be calculated as in [26] by correcting for the duty cycle of the pump pulse train. Figure 4 b) shows the conversion efficiency as a function of the seed wavelength. The efficiency was calculated after taking in account the the duty cycle of the Q-switched laser. As can be seen in the figure, the net onchip conversion efficiency reaches up to 32 dB and conversion is established over a wide bandwidth. As such we are able to achieve for the first time net-gain for long pulses in a silicon waveguide. The conversion bandwidth is in this experiment limited by the bandwidth of the grating coupler used to interface with the silicon chip.
Conclusion
In conclusion, we have demonstrated the efficient conversion of long (>300ps) short-wave infrared pulses in a two-stage wavelength converter / amplifier with over 30 dB net on-chip conversion efficiency. The setup consists of a compact silicon waveguide and standard pure silica PCF as well as small and low-cost sources used for generating the pump for the silicon waveguide converter/amplifier stage. Through further dispersion engineering of the silicon waveguide [14] , the continuous wave optical parametric oscillator that was used in this proofof-principle experiment could be replaced by cheap near-infrared laser sources allowing downconversion further into the mid-infrared.
We believe our results highlight the potential of combining silica fiber and silicon waveguides for nonlinear optics using pump sources around 2.3 um where the low linear losses of the silica PCF and the low nonlinear losses of the silicon waveguide allow for efficient four-wave mixing.
